to avoid morphological structure changes induced by the tumor, radiation fields or surgical markers. We determined a longitudinal progression of hippocampal atrophy-with the maximum volume loss (33.26 %) for the patients that were on treatment for 5 years. There was no detectable hippocampal atrophy during the chemo-radiation followed by adjuvant temozolomide. A significant decrease in the absolute hippocampus volume was noted after 6 months of continuous bevacizumab treatment (p < 0.05). The hippocampal volume loss progressed over the next 3 years, and was higher than the one previously reported in Alzheimer disease patients. The hippocampal volume loss is minimal during the 1 month after diagnosis, when the patients receive chemo-radiation and adjuvant temozolomide. However, prolonged treatment including bevacizumab is associated with a significant rate of hippocampal volume loss.
Introduction
Treatment advances lead to prolongation of survival for patients with high-grade astrocytic gliomas (anaplastic astrocytoma, AA and glioblastoma, GBM) and have made increasingly important to study long-term treatment related effects, including cognitive deficits. Treatments for malignant gliomas include radiation and temozolomide chemotherapy [1] . However, radiotherapy can induce cognitive decline [2] and in extreme cases can cause dementia [3] . The use of temozolomide with radiotherapy enhances neurotoxicity and contributes to further cognitive deficits [4] . Bevacizumab is commonly used in patients with recurrent MG that have failed temozolomide [5] . Bevacizumab is a Abstract Malignant gliomas (MG ) are very aggressive tumors. In an effort to improve the outcome, the patients receive multi-modal therapies such as surgery, radiation and chemotherapy (temozolomide followed in many cases by bevacizumab). The survivors are affected by multiple learning and memory deficits. Greater deterioration over time in hippocampal specific cognitive tasks was shown in patients receiving bevacizumab in addition to radiation and temozolomide for a longer period of time (RTOG 0825). The rate of hippocampal atrophy in patients treated with radiation and temozolomide followed by bevacizumab is not yet determined, and is the goal of the present study. We used the serial MRIs obtained as parts of standard clinical care in patients with MG . Measurements were done using the Medical Image Processing, Analysis and Visualization (MIPAV) software. The hippocampus in the contralateral hemisphere was manually traced and measured, meet the following criteria: newly-diagnosed, supratentorial malignant glioma (GBM or AA), treated at the University of California, Irvine Medical Center's (UCIMC) Comprehensive Brain Tumor Clinic, on active treatment for at least 18 months, and on bevacizumab for at least 6 months of their clinical course, with sagittal, fine cuts 3D contrast enhanced MPRAGE T1 weighted images available at the key analysis points. The 13 patients identified had surgical resection to remove tumor after the initial diagnosis and 6 weeks of radiotherapy with concomitant temozolomide. In absence of tumor progression, the patients received post-radiation adjuvant temozolomide, and were started on bevacizumab at the time of first tumor progression. Clinical variables for each patient are outlined in Table 1 . Brain MRI's were obtained before and after surgery, 2 weeks after completion of radiotherapy, and every 4-8 weeks during the chemotherapy treatment, as clinically indicated.
MRI methods and image analysis
MRI imaging was conducted concurrently with clinical appointments every 4-8 weeks or earlier if a patient displayed evidence of progressive disease. 1.5 and 3.0 T MRIs were used to generate sagittal 3D contrast enhanced MPRAGE T1 weighted images. Of the 289 MRIs collected from eligible patients, 243 were suitable for volumetric measurement. Measurements were done using the Medical Image Processing, Analysis and Visualization (MIPAV) software by a research associate (BL) blinded to the patient treatment history, and then validated by another research associate (SS), who was independent from the first. The manual segmenting was also verified by the PI (DB). The monoclonal antibody against vascular endothelial growth factor A (VEG F-A) [6] . VEG F-A stimulates tumor angiogenesis, but it also promotes neurogenesis in the brain, particularly in the hippocampus, effecting fundamental processes needed for learning and memory [7] . Therefore, bevacizumab might contribute to cognitive impairment, especially in patients receiving this agent for prolonged periods of time [8] . Previous research (Bag et al.) suggested that high-grade glioma patients using bevacizumab experience a significant increase in ventricle volume over time as well as a significant decrease in whole brain volume and grey matter volume [9] . However, the authors were unable to segment grey matter, white matter, or hippocampus due to the poor contrast resolution of their images [9] .
Cognitive impairments in brain tumor patients resemble clinically those seen in other neurodegenerative conditions such as the mild cognitive impairment (MCI) and Alzheimer dementia (AD). The process of hippocampal atrophy (both expressed as an absolute loss of hippocampal volume, as well as the percentage of volume loss each year) is more severe in the MCI and AD patients compared to the normal population [10, 11] . The question if similar findings can be identified in malignant glioma patients treated for long periods of time is the focus of our present article.
Methods

Patient selection and study design
To be eligible for inclusion in our retrospective, Institutional Review Board (IRB) approved study, the patients needed to We determined that the volume of hippocampus declined in all our patients over the duration of their treatment (see Fig. 1 , representative patient). Figure 2a shows the longitudinal progression of hippocampal atrophy, with a maximal level of volume loss of 33.26 % being reached at almost 5 years after the initial diagnosis. Figure 2b shows identical data as a function of absolute volume loss.
Hippocampal atrophy rates were also calculated separately for each step in the treatment (radiation and concomitant temozolomide, adjuvant temozolomide and bevacizumab). We did not find a significant loss of hippocampal volume from the time of diagnosis until the end of radiation and the completion of the first 5 months of adjuvant temozolomide. Figure 2c shows the longitudinal progression of hippocampal atrophy, with a modest level of volume loss of 7.07 % being reached at the time of tumor progression. Figure 2b shows identical data as a function of absolute volume loss. A significance (p < 0.05) in percent volume was detected only at one single time point early in the treatment course (after 6 months of temozolomide treatment), but was not confirmed by the absolute volume analysis.
A significant decrease in the absolute hippocampus volume was noted after 6 months of continuous bevacizumab treatment (p < 0.05). A similar trend was noted also for the rate of hippocampal volume atrophy, with the statistically significant difference being detected 18 months after the start of bevacizumab (p < 0.01). The volume loss continued for as long as the patients received bevacizumab (Fig. 2a, b) . In Fig. 2e we compared hippocampal volume changes at the start of bevacizumab and after 1-3 years of bevacizumab treatment. For the patients that were able to receive 3 years of continuous bevacizumab treatment (n = 6), the hippocampal volume continued to decline every year. Independent samples t test were then used to determine whether particular group mean differences were significant. The number of temozolomide cycles or the length of time on temozolomide did not predict either the yearly hippocampal atrophy rate (p = 0.067), or the monthly hippocampal atrophy rate (p = 0.065). The GBM patients had higher monthly and annual rates of total and bevacizumab atrophy as compared with the AA patients (p < 0.05). No detectable significance for gender, bevacizumab duration, or disease duration was found. manual tracing of hippocampal boundaries were done consecutively from the rostral to the caudal side of brain for each image. The hippocampus in the contralateral hemisphere was traced and measured, to avoid morphological structure changes induced by a tumor, shunt, radiation fields or surgical markers. MIPAV software calculates the absolute volume automatically, determined by the number of voxels in each delineated image, and a value is given in mm 3 .
Statistical analysis
Patient parameters and clinical variables ( Table 1) were analyzed using descriptive statistics. Primary outcome measures for this study included monthly and annual rates of hippocampal atrophy (%), as well as the longitudinal progression of the mean total atrophy. Linear regression was used to evaluate significant (p < 0.05) differences in hippocampal volume overtime. There were two measure outcomes, similar with the outcomes reported previously in the MCI and AD studies [10, 11] (see also Table 2 ). The first outcome assessed hippocampal atrophy as a percent of total volume loss as compared with the hippocampal volume at the time of diagnosis. The second outcome calculated the rate of hippocampal atrophy using the difference in absolute volume (mm 3 ) at each time interval. Pearson's correlation examined the homogeneity between rates of volumetric change and patient descriptives (age, tumor grade, progression time, chemotherapy duration). Paired sample t tests determined whether the mean rates of atrophy were significant between different time periods. Multiple regression models assessed the effect of covariates (age, gender, tumor location, tumor grade, progression time, length of time on temozolomide, temozolomide cycles, bevacizumab duration, disease duration and survival status) on absolute and percent of hippocampal atrophy. Statistical analysis was performed using the newest version of SPSS 23.
Results
A total of 13 patients, six males and seven females were identified with a mean age of 54 + 14.183 (median = 55). Of the ten GBM and three AA tumors in study, seven were on the right hemisphere and six were on the left. All patients received radiotherapy with concomitant temozolomide, but two patients did not have post-radiation adjuvant temozolomide due to unequivocal tumor progression and were started directly on bevacizumab. For the 11 patients that received adjuvant temozolomide, the average time on adjuvant temozolomide was 8.71 months. At the first tumor progression all the patients received bevacizumab. The total our pilot study suggests that the hippocampal atrophy might be accelerated by long-term bevacizumab use-as our patients reached a statistically significant level of hippocampal atrophy as expressed absolute volume loss only after 6 months of bevacizumab treatment. We also did not find any measurable hippocampal atrophy when we compared the values obtained at the time of diagnosis with the post-radiation MRIs and the MRIs obtained after 6 months of temozolomide treatment (approximately also 35 weeks after the initial diagnosis), similar with Prust's study [14] .
Our data are limited by the absence of control groupspatients that received only radiation and temozolomide, and did not require any other treatments for the next 1-3 years. We have tried to identify control MG patients with similar pathology that have survived similarly long periods of time (four or more years) without tumor progression and without receiving bevacizumab-but we were able to identify only two such patients in our large practice. In order to mitigate the effects of radiation, we measured the hippocampal volumes in the opposite side of brain then the tumor, and we made sure that the contralateral hippocampus was not affected by surgery and not included in the radiation fields.
Discussion
Chemotherapeutic drugs such as temozolomide and bevacizumab have led to improved progression free survival and overall survival in patients with MG. However, many patients exhibit patterns of cognitive impairment involving hippocampal related learning and memory paradigms (such as the Controlled Oral Word Association Test and the Trail Making Test [12] ) and experience lower quality of life (QOL)-which potentially associates with prolonged bevacizumab use (such as the GBM patients who received bevacizumab from the initial diagnosis in the RTOG 0825 study) [13] . At the same time, no changes were seen in the hippocampal volumes for the GBM patients receiving standard radiation and temozolomide treatment [14] . Nevertheless, the Prust et al. study followed the patients for only a short period of time (35 weeks after the initial diagnosis-less than 9 months) [14] , while our study followed our patients for up to 6 years-which supports the hypothesis that hippocampal atrophy is a delayed effect of malignant glioma treatment. Though we cannot separate the effects of radiation and the temozolomide for the effects of bevacizumab directly explain the very high rate of memory deficits seen in long-term GBM survivors [15] . Data from clinical studies has identified severe treatment-induced dementia in a high number of long-term G BM survivors and cancer patients with brain metastasis [15, 16] . The evidence of such cognitive impairment has encouraged the use of particular AD drugs in brain cancer patients, to combat damaging neurological deficits resulting from the treatment of primary and metastatic brain tumors [17] .
In patients with MCI and AD, the rate of hippocampal atrophy correlates with disease progression and with the severity of cognitive loss [10, 11] (see Table 2 ). The annual percent change (APC) of hippocampal atrophy in normal (1.4-1.73), MCI (1.8-3.3), and AD (3.43-3.98) also correlates with the disease severity [10, 11] . As the annualized hippocampal volume loss measured in our study is higher than the one reported in Alzheimer disease patients, it is possible that treatment-induced hippocampal atrophy might long-term potentiation and cerebral blood flow following focal brain ischemia [19] . A recent study showed that prolonged treatment with bevacizumab is potentially associated with brain atrophy in malignant glioma patients [20] . The same study proposes that restricting VEG F may decrease the amount of neuronal repair, neurogenesis, and learning Bevacizumab is a VEGF inhibitor with anti angiogenic properties. Animal models have shown that VEGF expression is required for hippocampal neurogenesis involved in learning and memory [18] . It has been suggested that VEG F contributes to neuroprotection and neuronal repair in the central nervous system via its role in neurogenesis, Total represents the reported overall % atrophy for all the patients in study. Stable are patients whose health status did not change. Decliner/converter are patients whose health status changed. Slow P stands for slow progressor and are patients whose disease progressed slowly. Fast P stands for fast progressor and are patients whose disease progressed quickly [20] . We propose that bevacizumab could contribute specifically to hippocampal atrophy by impairing hippocampal neurogenesis and healing of normal brain from surgical trauma, radiation and chemotherapy. Previous papers report limitations due to resection, hemispheric tumor burden, and length of study, which may have impacted their ability to detect significant changes in the hippocampus over time [14] . It is suggested that the investigation into radiation and chemotherapy separately, in addition to novel targeted therapies over a longer period of time with stringent surgical parameters and a larger sample size, may be sufficient enough to determine further brain changes [14] . Our study analyzed sagittal cross sections of the hippocampus, imaged by magnetic resonance, over a span of several years beginning at diagnosis. The study detected concerning atrophy rates in glioma patients (8.903 %/year) over the course of their entire treatment-twice the reported rate of AD populations, three times the rate of MCI, and nearly four times the rate of normal aging (see Table 2 ). The retrospective nature of this study did not allow for concurrent investigation of cognitive impairment in our patients.
In conclusion, this study suggests that hippocampal atrophy is a relatively late phenomenon in the treatment of malignant glioma patients. The overall survival of malignant glioma patients is on the rise, and reached over 2 years in recent studies [21] -which potentially exposes the patients to prolonged use of chemotherapy drugs, including bevacizumab. We are currently planning a prospective study to examine the association between the rate of hippocampal atrophy, cognitive impairments and decreased QOL in malignant glioma patients on active chemotherapy for long periods of time.
